SUMMARY AND CONCLUSIONS INTRODUCTION
The cyclic strength of sands and other cohesionless soils (e.g. gravels to nonplastic silts) depends on, among other factors, both the soil density [e.g. as may be represented by its void ratio or relative density (D R )] and the imposed effective stress ('), which together determine the state of the soil. introduced use of a liquefaction triggering curve to relate the cyclic strength of a soil to the normalized Standard Penetration Test (SPT) blow count, which was used as a proxy for the D R and other factors affecting the cyclic strength of the soil. Seed (1983) later introduced the overburden correction factor (K σ ) to account for the variation of a soil's cyclic resistance ratio (CRR) as a function of effective consolidation stress. This factor was defined as: ' where CRR σ' vc ,α=0 and CRR σ' vc =1,α=0 are the cyclic resistance ratios for a static shear stress ratio (α) of zero and vertical effective consolidation stress (σ' vc ) equal to the stress level of interest and to 1.0 atm (1 atm = 101.3 kPa), respectively. Both CRR values are assumed to be for soil that is identical in all respects other than consolidation stress (i.e., the same D R , same fabric, same age, same cementation, and same loading history). The factor K σ describes the curvature of the cyclic strength envelope with increasing consolidation stress, as illustrated by the example shown in (Vaid and Sivathayalan 1996 , Hynes and Olsen 1999 , Boulanger 2003 .
The effects of D R and ' on the CRR of sands can be expressed through the state parameter () Muhunthan 2001, Stamatopolous 2010) or relative state parameter ( R ) (Boulanger 2003, Idriss and Boulanger 2008) . The parameter  is the difference between a sample's void ratio and its corresponding critical state void ratio at the same effective consolidation stress (Been and Jefferies 1985) , whereas the parameter  R is the difference between a sample's D R and its corresponding critical state D R at the same effective consolidation stress (Konrad 1988) . Measurement of or  R for in situ soils through laboratory testing is difficult due to issues of disturbance during sampling of cohesionless soils. Boulanger (2003) subsequently recommended using an empirical procedure for estimating the position of the critical state line (Figure 1 .2c) and then referring to the estimated  R as an index.
The most common approach used for developing and applying liquefaction triggering correlations for sandy soils is to normalize the SPT or Cone Penetration Test (CPT) penetration resistances (i.e., N 60 or q c ) to a reference σ' vc of 1 atm (assuming the soil's D R and all other (Idriss and Boulanger 2008) . attributes are unchanged) and to correlate this normalized penetration resistance [i.e., (N 1 ) 60 or q c1 ] to a normalized cyclic strength for this same reference stress (i.e., CRR σ' vc =1 ). The SPT-based liquefaction triggering correlations recommended by Youd et al. (2001) and Idriss and Boulanger (2008) , as shown in Figure 1 .3 for a Magnitude 7.5 earthquake, follow this approach. The normalization of penetration resistances is performed using the overburden correction factor C N as follows:
where N 60 equals the SPT blow count for an energy ratio of 60%, and (N 1 ) 60 equals the N 60 value for an equivalent σ' vc of 1 atm. The dependence of the liquefaction triggering correlation on the fines content (FC) is accommodated by adding an increment, Δ(N 1 ) 60 , to the (N 1 ) 60 value to obtain an equivalent clean-sand (N 1 ) 60cs in order to determine the appropriate CRR as shown below:
      The relationship for Δ(N 1 ) 60 depends on the liquefaction triggering correlation, with the following expression (with FC expressed as a percent) being the one recommended by Idriss and Boulanger (2008) 
The effect on the CRR of variations in σ' vc , sloping ground conditions, and earthquake magnitude Idriss and Boulanger (2008) and Youd et al. (2001) to relate penetration resistance to cyclic resistance of a soil layer.
Figure 1.3. Empirical liquefaction triggering correlations have been proposed by
The roles of the C N and K  factors in this approach are schematically illustrated in Figure Another approach to evaluating the cyclic strength of sand is to normalize the SPT or CPT penetration resistances (i.e., N 60 or q c ) to a reference σ' vc of 1 atm, but this time assuming the soil remains at the same state (i.e., same state parameter or relative state parameter) with all other attributes unchanged. The resulting state-based normalized penetration resistances [i.e., using a C N to obtain a (N 1 ) 60 or q c1 ] can then be correlated more directly to the soil's CRR M=7.5,σ' vc ,α=0 . A third approach is to correlate the penetration resistance directly to  which can then be correlated to the CRR M=7.5,σ' vc ,α=0 . Details on state-based approaches are given in Boulanger and Idriss (2004) , Jefferies and Been (2006) and Robertson (2010) . This report will focus on the K σ factor which is used within the first approach described above for evaluating the cyclic strength of sand. The K σ and C N factors provide the basis for extrapolating the case history data on liquefaction triggering (i.e., Fig. 1.3 ) from depths less than about 15 m and σ' vc less than about 1.5 atm to the much greater depths and stresses encountered under large embankment dams. The K σ factor can be evaluated through laboratory element tests, whereas the C N factor can be evaluated using calibration chamber tests, numerical analyses, and in situ test data. The K σ and C N factors are not independent, however, because they are both influenced by the same soil properties (often in opposing ways). The interdependency of the K σ and C N factors and their algebraic relationship with the alternative state-based overburden normalization factor for penetration resistances (i.e., C N ) are examined in Boulanger (2003) and Boulanger and Idriss (2004) .
The purpose of this report is to examine current K σ relationships against an updated database of laboratory test results defining K σ effects. The original laboratory test results included in previous databases (e.g., Seed and Harder 1990) are reexamined in light of the current understanding of factors which can affect laboratory measurements of cyclic strength. This report will present an updated database of laboratory test results defining K σ effects, discuss important factors which can influence the interpretation of K σ , present a comparison between current relationships and the updated database, and discuss implications for future relationships.
DATABASE ON K σ RELATIONSHIP
A number of investigators have researched and recommended K σ relationships (e.g. Seed and Harder 1990 , Pillai and Byrne 1994 , Vaid and Sivathayalan 1996 , Harder and Boulanger 1997 , Hynes and Olsen 1999 , Youd et al. 2001 , Boulanger 2003 , Cetin et al. 2004 , Moss et al. 2006 , Bray and Sancio 2006 , Idriss and Boulanger 2008 , Stamatapolous 2010 , Tarhouni et al. 2011 ). Many of these previous investigations have centered on, or been compared to, a database of cyclic triaxial test results first compiled by Harder (1988) and presented by Seed and Harder (1990) , as shown in Figure 2 .1.
The Seed and Harder (1990) database had 45 data points from 18 sources and included results for reconstituted soils and undisturbed field samples published in the open literature or contained in engineering project reports. The majority of the data from engineering projects pertained to embankment dams. There is a significant amount of scatter within these data for a given consolidation stress and much of the scatter is likely due to the variety of soil types and densities represented. Without a clear understanding of the composition of the original samples, it was previously not possible to discern how these effects may have influenced the data and potentially biased previous relationships.
Current database for K σ
The current database for K  , which is summarized in Tables 2.1 through 2.6, includes a number of additions and deletions relative to the database by Seed and Harder (1990) . The available data for two original sources (Table 2 .7), Upper San Leandro and Lake Arrowhead dams, were considered insufficient to reasonably define K σ values. The data for Lake Arrowhead dam were eliminated because only one triaxial test was performed at a consolidation stress greater than 1 atm. This made it difficult to accurately determine the strength of the material at higher stresses. The data for Upper San Leandro dam were eliminated because the material Seed and Harder (1990) is often compared to current relationships. Footnotes: 1. Failure was defined as "sudden liquefaction and development of large strains" 2. Cyclic strengths at 1 atmosphere based on average values from Youd et al. (2001) and Idriss and Boulanger (2008) triggering curves for selected blow count. Table 2 .7. K σ results from specimens with data quality issues.
tested ranged from clayey gravel to sandy silt. Any interpretation of the effects of overburden stress on the cyclic strength would likely be affected by these variations in material type and plasticity.
The original sources for the rest of the data presented by Seed and Harder (1990) were then re-examined to evaluate the specimen composition, test procedures and strength results for each individual data set. This evaluation was conducted by reviewing the original sources for each of the data sets, which included various dam project files located in the archives of the California Division of Safety of Dams and various publications in the literature. From this information, it was possible to categorize the specimens in terms of composition and to examine patterns in the data. The re-interpreted values of K σ from this study were within a few percent of the values plotted in Seed and Harder (1990) , with few exceptions as noted later.
The updated, or re-interpreted, values of K σ from Seed and Harder (1990) were then augmented using data from more recent laboratory studies on reconstituted sands by Vaid and Thomas (1995) , Vaid and Sivalythalyn (1996) , Koseki et al. (2005) and Manmatharajan and Sivathayalan (2011) and on frozen sand samples from Duncan Dam by Pillai and Byrne (1994) . For cases where the full details of the cyclic loading responses were available, the failure criterion used to determine the onset of liquefaction was set at + 2.5% single amplitude (SA) axial strain in 15 cycles. For cases where the full details of cyclic loading responses were not available, the failure criterion reported by the original authors was used (e.g., 5% doubleamplitude (DA) axial strain in 10 cycles). The failure criteria for each data set are listed in Tables 2.1 through 2.6. K σ values were calculated for each data set using the laboratory CRR (CRR lab ) for the selected criterion. In some cases, cyclic test results were not available at an overburden stress of 1 atm and thus interpolation between available data was necessary for determining the value of CRR lab at 1 atm (i.e., CRR lab,σ' vc =1 ). If the original authors provided an interpolated value for CRR lab,σ' vc =1 , this value was used in this report. If the original authors did not provide an interpolated value for CRR lab,σ' vc =1 , a value was determined by taking the average of the values obtained by fitting the available CRR lab data with both a power function and a logarithmic function.
The CRR lab for each individual data set was then converted to an equivalent field CRR (CRR M=7.5,σ' vc =1,α=0 ) for comparison with liquefaction triggering relationships. This conversion was performed using the methods summarized in Idriss and Boulanger (2008) . The CRR lab was first corrected for the effects of differing coefficient of lateral earth pressure at rest (K 0 ) between the isotropically consolidated triaxial and anisotropically consolidated torsional shear tests and the field conditions. This correction requires an estimate of K 0 in the field which is difficult to obtain with confidence. To cover the range typically used in liquefaction problems, each of the CRR lab values from cyclic triaxial and torsional shear tests were adjusted to an assumed field K 0 of 0.5 and 1.0. No K 0 correction was applied to the results of cyclic simple shear test results, based on the assumption that the K o conditions in the simple shear device are representative of those in the field. The effects of two-dimensional shaking in the field were accounted for by multiplying the CRR lab by a correction factor of 0.9. To normalize for the effects of loading cycles, the CRR lab values were either selected at 15 uniform loading cycles or converted to 15 uniform cycles by assuming that the CRR versus number of cycles curve could be fit using a power law with an exponent of -0.3. The complete equation to convert the CRR lab to an equivalent field CRR M=7.5,σ' vc =1,α=0 is:
where N lab is the number of cycles to liquefaction measured in the laboratory and b is equal to 0.3. For the simple shear data, (K 0 ) lab was assumed to be equal to (K 0 ) field , as mentioned above. This equation was used to convert the CRR lab values listed in Tables 2.1 through 2.6 to equivalent field CRR M=7.5,σ' vc =1,α=0 values, the results of these conversions will be used for comparing the laboratory results to different K  relationships in a following section of this report.
In some cases, an examination of the original data sources produced K σ values that did not as closely match the values in the Seed and Harder (1990) database. Some of the differences were due to selecting different failure criteria than originally used by Seed and Harder (1990) . Two of the original sources also had additional data which had not been previously included and one source was found to have fewer data points than had been previously included. Three K σ data points have a difference of more than 10% from the Seed and Harder (1990) values with the largest difference being 13%.
The K σ results were separated into the four soil type categories plotted separately in Figures 2.2a through 2.2d: clean sands (sands with 5% fines or less, 52 data points), sands with varying levels of silty fines (14 data points), clayey sands (2 data points), and well-compacted specimens (12 data points). Properties for each soil grouping are listed in Tables 2.1 through 2.6, although not all of the desired properties were available for each of the soils. The two sets of data previously eliminated from this study due to insufficient details (Lake Arrowhead and Upper San Leandro) are listed in Table 2 .7 and shown in Figure 2 .3. Each of the categories is shown with the curve recommended by Seed and Harder (1990) for comparison purposes.
The results for the clayey sands (fines contents of 23 to 28%, plasticity indices of 20 to 25), as plotted in Figure 2 .2c, were considered to be of limited value when examining the liquefaction potential of cohesionless soils. This is because plastic fines have been shown to influence the response of a soil to cyclic loading (e.g. Boulanger and Idriss 2006, Bray and Sancio 2006) . The effects of the fines' plasticity on K σ are not clear, but this data was not considered useful for evaluating the behavior of clean sands or sands with primarily nonplastic silty fines which are traditionally evaluated using liquefaction triggering curves. For these reasons, the data for clayey sands (two data points) were eliminated from further consideration.
The data from well-compacted soils (fines content of 7 to 35%, 12 data points), as plotted in Figure 2 .2d, were also considered to be of limited value for determining the response of liquefiable materials. These soils had: (a) all been compacted to a relative compaction of 95% or larger [per DWR (20,000 ft-lb/cu. ft.), L.A. Water System (33,750 ft-lb/cu. ft.) or Mod. AASHO standards (56,000 ft-lb/cu ft.)]; (b) been compacted to a D R of 100%; or (c) had in situ blow counts of 45. In addition, these soils all exhibited high cyclic triaxial strengths (i.e., without the K o and 2-D shaking corrections, the CRR lab,σ' vc =1 in 15 uniform loading cycles at an effective Seed and Harder (1990) .
Figure 2.2. The current database is composed of several different soil types including clean laboratory sands, sands mixed with fines of varying plasticity and heavily compacted samples. Each of the data sets is compared with the curve developed by
consolidation stress of 1 atm was greater than 0.51 for all specimens and greater than 0.77 for about half of the specimens). In addition to the high cyclic strength, these specimens were likely affected by variations in the overconsolidation ratio (OCR) under different levels of confining stress. These specimens likely became highly overconsolidated at low confining stresses due to the large preconsolidation stresses applied to the specimen during compaction (e.g. Frost and Park 2003) . As the consolidation stress increased, the OCR would decrease, leading to results which mix the effects of OCR and consolidation stress. Due to the high strengths and possible high OCR effects, the heavily compacted specimens were not considered to be representative of traditionally liquefiable soils and were also eliminated from further evaluation.
These effects may also be present in the undisturbed or moist tamped specimens, although to a lesser degree than the heavily compacted specimens. These issues are discussed in more detail in the next section.
The remaining data for clean sands (Figure 2 .2a) and sands with varying levels of silty fines (Figure 2 .2b) are considered most applicable for developing design relationships for liquefiable soils. The clean sand data are all for freshly reconstituted specimens prepared to a range of D R using wet and dry pluviation, moist tamping and vibration. The data for sands with silty fines are all from field samples that were either reconstituted (four specimens) or "undisturbed" (ten specimens). There is still a large amount of scatter in each of the categories and the range of densities represented likely contributes to the spread in K σ values.
Challenges in interpreting K σ from laboratory test data
The K σ factor was intended to account for the effects of consolidation stress on the cyclic strength of a soil with all other soil properties held constant (Seed 1983) . The interpretation of K σ from laboratory data can be inadvertently complicated by changes in the specimen properties which may occur as the confining stress is increased, such as changes in D R , OCR, cementation, and reorientation of particle fabric. For example, as specimens are consolidated to higher stress levels, the void ratio will decrease and, if this is not accounted for, K σ may be evaluated based on specimens tested at different D R . This effect has likely influenced many of the previously published test results with the exception of carefully controlled experimental studies, such as Vaid and Sivathayalan (1996) where changes in void ratio were carefully monitored during consolidation of reconstituted specimens or Pillai and Byrne (1994) where changes in void ratio were accounted for in their interpretation of cyclic test data on frozen sand samples from Duncan Dam. The effect of not accounting for the lower void ratio at higher consolidation stresses is to produce K σ curves with a weaker dependence on σ' vc . These and other factors cannot be isolated or eliminated from the current K σ database. The potential magnitude of such effects is discussed in the following sections.
Effect of relative density on K σ
An example of how D R and consolidation stress affect cyclic strengths and K σ values is shown in Figure 2 .4 using data from Thermalito Afterbay (CDWR 1989) . Cyclic triaxial tests were performed on "undisturbed" samples of the silty sand foundation obtained using fixed piston samplers. The test results were grouped by average (N 1 ) 60 values for the strata from which the samples were obtained. The cyclic strength of the soils increased with increasing blow count and increasing confinement (Figure 2.4a) , as expected. The envelope of cyclic strength versus consolidation stress is curved, such that the cyclic resistance ratio (i.e., the secant slope of the envelope) decreases as the confinement is increased. The corresponding K σ values are shown in Figure 2 .4b, illustrating how K σ curves generally became more strongly dependent on σ' vc as the average (N 1 ) 60 (and hence D R ) of the soil increased and the envelope of cyclic strength versus consolidation stress became more strongly curved (Figure 2.4a) .
The effect of D R on K σ has also been demonstrated from a theoretical standpoint (Hynes and Olsen 1999, Boulanger 2003) and through carefully controlled laboratory tests by Vaid and Thomas (1995) on reconstituted specimens of Fraser River sand prepared at D R of 31%, 40%, 59% and 72% (Figure 2 .5). This is an important effect which must be accounted for when interpreting results from the laboratory test database or when selecting design relationships. Using a K σ relationship that is independent of D R will thus be conservative for loose soils and unconservative for dense soils.
The dependence of K σ on D R can also complicate the interpretation of K σ from laboratory tests where specimens may have densified under consolidation to higher stresses. The effects of specimen densification can be investigated through a numerical example as shown in Figure 2 .6. In this example, the specimen is assumed to be clean sand prepared to D R = 50% at a consolidation stress of 1 atm and without any prior stress history. As the specimen is consolidated to the higher effective stress of 4 atm, the specimen will densify such that the D R is approximately 54% after consolidation. The cyclic strength for each specimen can be estimated using the D R -(N 1 ) 60 correlation, liquefaction triggering curve, and K σ relationship by Idriss and Boulanger (2008) , with the results shown as black bullet points in Figure 2 .6a. If the change in (Figure 2 .6b) will include both the decrease in CRR due to the increase in consolidation stress and the increase in CRR due to specimen densification. These two effects compensate and will lead to the interpretation of a K σ curve that is too weakly dependent on σ' vc (higher K σ values at stresses greater than 1 atm) than would have been measured had the specimens been tested at the same D R , as illustrated by the yellow bullet points in Figure 2 .6b. Pillai and Byrne (1994) performed a similar analysis of the cyclic testing test data for Duncan Dam and showed a similar effect on the interpretation of K σ values.
In actual investigations of soils under high confining pressures, such as beneath large dams, it is presumed that the penetration testing would reflect the increase in density resulting from consolidation. The K  values interpreted from laboratory tests would therefore ideally not include any effects of increasing density with consolidation stress. However, many laboratory studies that form the basis of the current K σ database presented in this report did not account for or report changes in D R with consolidation stress and therefore may have some degree of unconservatism, as demonstrated in Figure 2 .6.
Effect of specimen overconsolidation on K σ
The effects of OCR varying with consolidation stress can be even more important to the interpretation of K σ and can lead to misleading results if it is not accounted for. Experimental results have shown that the cyclic strength of a soil increases with increasing OCR, as illustrated by Ishihara et al.'s (1978) experimental results for Takasuga sand at OCR of 1.0, 1.5 and 2.0 as shown in Figure 2 .7. Terzaghi et al. (1996) found that cyclic test results from clean sands with varying OCR could be fit well by: Ishihara et al. 1978) show that the cyclic resistance ratio increases with increasing OCR.
Figure 2.7. Cyclic triaxial tests on Takasoga soil at different levels of OCR (data after
This data can be fit using the relationship suggested by Terzaghi et al. (1996) .
The exponent m was found to range between 0.35 and 0.64 (Terzaghi et al. 1996) . The test results by Ishihara et al. (1978) in Figure 2 .7 are, for example, well fit by an exponent of 0.4. The effect of OCR on cyclic strength is not often accounted for in design, but can be very important when examining laboratory test results from undisturbed or reconstituted specimens.
The potential effect of varying the specimen OCR on the interpretation of K σ can also be illustrated through a numerical example. In this example, it is assumed that identical specimens of clean sand at D R = 50% are obtained from a block sample having a preconsolidation stress (σ' vp ) of 2 atm and that the specimens are then tested at consolidation stresses of 0.5, 1.0, 2.0, and 4.0 atm. The specimens would therefore have OCR values of 4, 2, 1, and 1 at these four consolidation stresses, respectively. For this example it is assumed that the specimens have the same D R at all consolidation stresses. The CRR is assumed to increase with increasing OCR according to Equation 2.2, with the exponent m = 0.4. The resulting "raw" data produces a sharply curved envelope of cyclic strength versus consolidation stress, as shown by the black bullets in Figure 2 .8a. The K σ values interpreted from the raw data will produce K σ curves with an artificially strong dependence on σ' vc , as illustrated in Figure 2 .8b. The true K σ curve would be much less dependent on σ' vc , as shown by the yellow bullet points in Figure 2 .8b; note that the true K σ curve is independent of OCR (i.e., as long as all test specimens have the same D R ) in this example. The potential error in K σ interpretations due to the OCR varying with consolidation stress in this example was greater in magnitude, but opposite in direction than the error due to varying D R in the previous example (Figure 2 . 6).
It can be difficult to control or evaluate OCR values when testing either undisturbed or laboratory prepared specimens. If undisturbed specimens are tested at consolidation stresses lower than their in situ stress, then the specimens will have OCR values that increase with decreasing consolidation stress. If undisturbed specimens of over-consolidated soil are tested at consolidation stresses greater than existed in situ, then the specimens will have OCR values that
Figure 2.8. Schematic example of how the preconsolidation stresses can affect determination of K σ values. When samples having the same preconsolidation stress are tested at different consolidation stresses, they may have different over-consolidation ratios (OCR). This can lead to the interpretation of a K σ curve which is too strongly dependent on σ' vc compared to tests on samples at the same OCR.
decrease with increasing consolidation stresses. Consequently, if specimens having the same in situ preconsolidation stress are tested at different levels of consolidation stress, the results will likely mix the effects of OCR and confining stress. This effect has been observed by Bray and Sancio (2006) in test results on undisturbed samples of potentially liquefiable silts. This is reinforced by a comparison of test results on undisturbed samples (Sancio 2003 ) and reconstituted specimens (Donahue et al. 2008) of the same material which show how tests on undisturbed samples can produce K σ curves with a stronger dependence on σ' vc . The differences are likely due in part to the effects of varying OCR.
The effects of varying OCR in tests on undisturbed samples can also be demonstrated by examining the data by Yoshimi et al. (1984) from frozen samples of an overconsolidated sand layer. Yoshimi et al. (1984) used ground freezing to sample dense, alluvial sand at a depth of approximately 10 meters (effective overburden stress of about 1 atm). Based on the alluvial environment and the laboratory test results, the in situ sand likely had some level of overconsolidation. Cyclic triaxial tests were performed on the specimens at isotropic
Figure 2.9. Results from cyclic triaxial tests performed on frozen samples of dense alluvial sand assuming a preconsolidation stress of 150 kPa (data after Yoshimi et al. 1984).
consolidation stresses (σ' 3c ) of 0.5, 1.0 and 2.0 atm (Figure 2 .9). All specimens were assumed to have a preconsolidation stress of 1.5 atm for this example, so the OCR of the specimens in the laboratory decreased from 3.0 at σ' 3c =0.5 atm to 1.0 at σ' 3c =2.0 atm. The cyclic strength can be approximately corrected for the effects of OCR using Equation 2.2 and assuming the exponent m is equal to 0.4 (based on the results shown in Figure 2 .7 for clean sand tested in a cyclic triaxial device). The cyclic strengths with and without this correction are shown in Figure 2 .9b, from which the K σ curves in Figure 2 .9d were obtained. The results obtained for specimens at different OCR would lead to the interpretation of a K σ curve which is too strongly dependent on σ' vc , whereas the corrected results show a curve which appears to be closer in shape to other clean sand data.
One assumption present in both of the previous examples is that overconsolidation does not affect K σ if all specimens are tested at the same OCR. This concept has been examined by Manmatharajan and Sivathayalan (2011) through cyclic simple shear tests on Fraser Delta sand consolidated to three consolidation stresses (1, 2, and 4 atm) and OCR levels (1.0, 1.5, and 2.0). The results, as plotted in Figure 2 .10, show the cyclic strength of the sand increases significantly as OCR is increased, but K σ is only slightly affected by changes in OCR. An important feature however is that the K σ curves become more strongly dependent on σ' vc as the OCR and cyclic strength increases. This correlation between the slope of the K σ curves and the magnitude of the cyclic strength will be discussed in the next section.
Compaction either in the field or laboratory can also lead to overconsolidation. In the field, compacted soils in embankment dams or highway embankments may behave as if overconsolidated at shallow depths (Hynes 1988, Hynes and Olsen 1999) . These effects can be quantified using procedures developed to estimate compaction-induced stresses (Filz 2010, personal communication) , from which the depth of overconsolidation may be estimated to be between 2.5 and 5 meters for typical soils under typical compaction loads. The amount to which OCR may have affected results in the current database is unknown. In the laboratory, Frost and Park (2003) measured the forces applied to specimens during moist tamping (Figure 2 .11). This measurement was performed by instrumenting the tamping rod to measure the amount of axial force applied to the sand during preparation. The magnitude of the applied force was found to increase as the D R of the specimen increased (Figure 2 .11). For specimens prepared to D R greater than 60%, the specimens may be overconsolidated at stresses less than 100 kPa. For the present study, well-compacted specimens (Figure 2 .2d) were eliminated from further consideration in part due to this effect; this included three soils prepared to relative compactions of 95% or greater (per DWR, LA Water System and Mod. AASHO standards), one soil having in situ SPT blow counts of 45 and one soil moist tamped to D R =100%. Other moist tamped specimens
Figure 2.11. The moist tamping technique applies stresses which may cause samples to be overconsolidated if tested at low consolidation stresses (after Frost and Park 2003). Figure 2.12. The database contains several samples which were prepared by moist tamping which may have introduced some effects of overconsolidation at stresses less than 1 atm.
(prepared to D R less than 78% or relative compactions less than 87%) were not eliminated (Figure 2 .12) because the severity of the effect from moist tamping is difficult to evaluate and it is expected to be less significant than for well-compacted soils. It is, however, noted that the data for most-tamped specimens also likely exhibit some effects from changing OCR especially at low stresses.
Data for undisturbed samples may also be affected by overconsolidation or aging in the field. Natural, sandy deposits are likely to have some amount of overconsolidation in situ, but the nature of conventional sampling and specimen preparation may sufficiently disturb or disrupt the soil fabric such that the effects of prior overconsolidation on CRR are lost. It is not possible to assess the degree to which overconsolidation may or may not have affected the interpretation of K  values from tests on undisturbed samples in the current database.
In actual investigations of soils under high confining pressures, such as beneath large dams, it is presumed that the penetration testing would reflect the reductions in OCR level resulting from consolidation. The K  values interpreted from laboratory tests would therefore ideally not include any effects of varying OCR with consolidation stress. However, some of the laboratory studies (e.g., those involving field samples and/or moist tamping preparation techniques) that form the basis of the current K σ database presented in this report may include changes in OCR with consolidation stress and therefore may have some degree of conservatism, as demonstrated in Figures 2.8 and 2.9.
Other factors which influence K σ
The cyclic strength of undisturbed soil samples may also be affected by factors such as cementation, prior strain history, and aging effects, each of which may be destroyed as the consolidation stress increases. Each of these factors would therefore likely result in the CRR decreasing more rapidly with increasing consolidation stress than would occur if all test (Clough et al. 1989) 
. If this cementation is broken by increasing the consolidation stress to the interpretation of a K σ curve which is too strongly dependent on σ' vc (black dots) compared with a sample in which the cementation remains intact (yellow dots). Destruction of any particle fabric which may have increased the cyclic strength would likely show a similar effect.
specimens were in fact identical, as schematically illustrated in Figure 2 .13. This could lead to the interpretation of a K σ curve which is too strongly dependent on σ' vc and may be an issue when examining laboratory test results from undisturbed samples of sands. However, the nature of conventional sampling and specimen preparation may disturb or disrupt such effects, as previous discussed, such that the magnitude of these effects may vary and be difficult to assess.
The K σ factor may also be affected by various soil characteristics including the fines content (Stamatopolous 2010 ) and fines plasticity. This effect is not well constrained by available data, but the current database has been separated according to fines content in an attempt to isolate some of these effects. Results for each of the categories and the implications of this dependence on fines content will be discussed more in the next section.
Summary
Changes in soil properties (e.g., D R , OCR, cementation) with consolidation stress can have significant effects on cyclic strengths, but these effects should not be confused with, or mixed with, the intended purpose of the K σ relationship. Changes in properties such as D R , OCR, or cementation can be expected to affect both the CRR and N 60 values for a soil. The magnitudes of these changes are not well defined, but the underlying presumption of penetration test-based liquefaction procedures is that their effects on CRR are reasonably accounted for by: (1) the simultaneous changes in measured N 60 values, (2) the applicability of the C N relationship for obtaining (N 1 ) 60 values, (3) the presumed relative uniqueness of the CRR M=7.5,σ' vc =1,α=0 versus (N 1 ) 60cs correlation, and (4) the applicability of the K σ relationship for obtaining CRR M=7.5,σ' vc ,α=0 values. Thus, the K σ relationship is only intended to account for how confining stress affects CRR values, whereas the effect on CRR of changes in other soil properties are currently accounted for through their effects on N 60 values.
An effort has been made to remove some of the above-described adverse influences from the updated K σ database, but it is not possible to eliminate all of their effects. The moist tamped and possibly the vibrated specimens in the database likely have been influenced by the effects of OCR at low stress levels which would contribute to K σ curves with an overly strong dependence on σ' vc . The results for undisturbed samples in the database are likely affected by the simultaneous, and sometimes compensating, influences of varying cementation, OCR, and D R as samples were consolidated to different stresses than existed in situ.
COMPARISON OF DATABASE AND CURRENT RELATIONSHIPS
One of the benefits of the updated database is the ability to compare current relationships to a large body of laboratory tests performed on a variety of soils at different densities. The relationships by Idriss and Boulanger (2008) and Hynes and Olsen (1999) , with the parameters recommended in Youd et al. (2001) , were chosen for this comparison because they both account for the dependence of K  on D R . The Hynes and Olsen (1999) 
Youd et al. (2001) suggested values for f of 0.8, 0.7, and 0.6 for D R of 40, 60, and 80%, with f limited to being no smaller than 0.6 and no larger than 0.8. These values can be approximated by the linear relationship,
Idriss and Boulanger (2008) recommended the relationship,
where the factor C σ is defined in terms of D R as,
The D R can estimated from the SPT blow count as,
where, as previously noted, the value of C d was taken as 46 by Idriss and Boulanger (2008) based on a review of work by Cubrinovski and Ishihara (1999), Meyerhoff (1957) , and Skempton (1986) . These two relationships are shown in Figure 3 .1 and will be compared to the updated K σ database later in this section.
Relating K σ to CRR M=7.5,σ' vc =1,α=0
To compare the database to the design relationships descried above, it was necessary to find a common measure of denseness for each of the specimens. No one measure of denseness (i.e., D R , blow count, relative compaction) was common to all data sets in the database. One approximate measure of denseness common to all the soils is the CRR M=7.5,σ' vc =1,α=0 . If the liquefaction triggering curve is assumed to be unique for all soils in the current database, this reference cyclic strength can be related to an equivalent (N 1 ) 60cs and then to a K σ value (through the equivalent D R from eq. 3.4) for a given consolidation stress, as illustrated in Figure 3 .2.
To perform this comparison, the cyclic strength for each of the soils was first converted to an equivalent field strength using the methods outlined by Idriss and Boulanger (2008) . The specific factors used for the conversion were discussed in Section 2.1. The uncertainty in selecting an appropriate field value of K 0 for this conversion warrants more discussion. In an isotropically consolidated cyclic triaxial test the laboratory K 0 is equal to 1.0. However, K 0 in the field could range from about 0.5 for a normally consolidated soil to about 1.0 for moderately overconsolidated soils. The effect of the assumed field K 0 value on the interpretation of cyclic triaxial or torsional shear test data was evaluated by performing this adjustment with assumed field K 0 values of 0.5 and 1.0. For the simple shear test results, no adjustment for K 0 was made. After obtaining an equivalent field CRR M=7.5,σ' vc =1,α=0 , this strength was mapped to an equivalent (N 1 ) 60cs through the corresponding liquefaction triggering curve from each of the methods (Youd et al. 2001 and Boulanger 2008) . The equivalent (N 1 ) 60cs value was then used to determine K σ values using the equations given above for each of the two methods. This process is illustrated schematically in Figure 3 .2.
The distribution of data points with respect to CRR M=7.5,σ' vc =1,α=0 was examined (Figure 3 .3a-c) for the purpose of sorting the data into bins of different CRR M=7.5,σ' vc =1,α=0 ranges. For clean sands the cyclic triaxial and torsional shear data was examined separately (Figure 3.3a) from the cyclic simple shear test data (Figure 3.3b ). For sands with varying silt contents, the data are limited to cyclic triaxial tests and are shown in Figure 3 .3c.From these distributions, bins were selected. The K σ data for clean sands tested in triaxial and torsional shear were separated into three bins with CRR M=7.5,σ' vc =1,α=0 values of 0.07 to 0.11 (Figure 3.4a) , 0.14 to 0.17 (Figure 3.4c) , and 0.22 to 0.25 (Figure 3 .4e) adjusted to a field K 0 of 0.5. Similarly, Figures 3.4b, 3 .4d, and 3.4f show the same data adjusted a field K 0 of 1.0. The larger K 0 value increases the cyclic strength by 50%, but does not change the measured K σ values or have an effect on the number of points within each bin. The design relationships from Youd et al. (2001) and Idriss and Boulanger (2008) are also shown in these figures for a D R that corresponds to a CRR M=7.5,σ' vc =1,α=0 value at the middle of each bin's range (e.g., CRR M=7.5,σ'=1,=0 values of 0.09, 0.155, and 0.235 for K 0 of 0.5 and 0.135, 0.225 and 0.35 for K 0 of 1.0). The trends in the K σ data generally become steeper as CRR M=7.5,σ' vc =1,α=0 increases, as expected. The Idriss and Boulanger (2008) relationship is in reasonable overall agreement with the data, whereas the Youd et al. (2001) relationship is generally conservative relative to the data.
The test data from clean sands tested in simple shear was separated into bins of approximately equal size and similarly compared to the design relationships (Figure 3 .5). The data from simple shear tests was not adjusted for the effects of K 0 as previously discussed. The K σ values for these data points fall well above the values predicted by the relationships suggested by Youd et al. (2001) and Idriss and Boulanger (2008) , although the values are much closer to the latter. These tests were all from water pluviated specimens of Fraser River sand and do not exhibit the same scatter seen in the triaxial and torsional shear bins for a similar range of cyclic strength. The test data for sands with varying levels of silty fines, all from cyclic triaxial tests, were similarly compared to the design relationships, with the results shown in Figure 3 .6a-e. Much of the data falls in a narrower range of CRR M=7.5,σ' vc =1,α=0 values with a large number of the specimens having a CRR M=7.5,σ' vc =1,α=0 close to 0.14 for a K 0 of 0.5. Two specimens had a significantly higher CRR M=7.5,σ' vc =1,α=0 than the rest of the points and were placed in a separate bin (Figure 3.6e-f) . A similar trend of lower K σ values with increasing CRR M=7.5,σ' vc =1,α=0 can be seen between the three bins. The data for the looser specimens, as shown in Figures 3.6a-d generally fall between the two relationships, while the two points in the higher bin (Figure 3 .6e-f) agree better with Youd et al. (2001) .
Residuals between data and current relationships
Residuals between the individual data points and their corresponding model predictions were also computed. The model predictions were calculated for each individual data point using the corresponding CRR M=7.5,σ' vc =1,α=0 . This process was completed for both the clean sands and sands with silt tested in triaxial or torsional shear devices using field K 0 values of both 0.5 and 1.0. Data points from clean sands tested in simple shear devices were not adjusted for K 0 for reasons previously discussed. The relationship by Youd et al. (2001) has a cap of 1.0 on K σ as part of its coupling with the Seed et al. (1985) liquefaction triggering correlation which was not derived using K σ . Therefore, the residuals for σ' vc less than 1 atm using the Youd et al. (2001) relationship (Figures 3.7 through 3.11) are not significant as this correlation was not intended to capture these effects.
Residuals from the clean sand specimens (cyclic triaxial, torsional shear and simple shear) show that the relationship suggested by Idriss and Boulanger (2008) K σ for either value of field K 0 . For confining stresses greater than 1 atm, the relationship suggested by Idriss and Boulanger (2008) has an average residual near 0.0% for a K 0 of 0.5 and 2.4% for a K 0 of 1.0 over the full range of strengths and confining stresses. The relationship suggested by Youd et al. (2001) predicts lower K σ values over the full range of strengths and confining stresses with an average residual of between 16.3% and 19.9% depending on the field K 0 . For stresses less than 1 atm, the relationship by Idriss and Boulanger (2008) fits the data similarly well with an average residual of 0.0% and -1.0% depending on the field K 0 . Residuals for specimens containing 7% to 35% silty fines show that both models have some bias (Figures 3.9 and 3.10) , although there is a large amount of scatter in the data for a given CRR M=7.5,σ' vc =1,α=0 . For consolidation stresses greater than 1 atm, the relationship suggested by Idriss and Boulanger (2008) overpredicts the measured K σ values with an average residual of -9.6% for a K 0 of 0.5 and -5.3% for a K 0 of 1.0. The relationship suggested by Youd et al. (2001) underpredicts the measured K σ with of an average residual between 8.0% and 14.6% depending on the field K 0 . Only 1 data point within the sand with silt category was tested at a consolidation stress of less than 1 atm and therefore an average residual is not meaningful. The single point is based on moist tamped, reconstituted specimens from Sheffield Dam (Seed et al. 1968 ) with a measured K σ of 1.3. The majority of the data for sand with silty fines are from undisturbed samples and thus are more likely affected by varying degrees of OCR, D R , cementation and aging effects across the range of imposed consolidation stresses.
The residuals are also plotted versus the fines content of the soils for both the Idriss and Boulanger (2008) relationship (Figures 3.11a and 3.11b ) and the Youd et al. (2001) relationship  (Figures 3.11c and 3.11d) . The Idriss and Boulanger (2008) relationship provides a reasonably good fit for clean sands, but tends to progressively overpredict K σ values as the fines content increases. Over the full range of fines contents, the relationship suggested by Idriss and Boulanger (2008) has an average residual of -2.6% for a K 0 of 0.5 and 0.0% for a K 0 of 1.0 for consolidation stresses greater than 1 atm. The Youd et al. (2001) relationship generally under predicts the measured K σ at the lower range of fines contents, but becomes in better agreement with the data at higher fines contents. Over the full range of fines contents, the relationship suggested by Youd et al. (2001) has an average residual of 14.1% for a K 0 of 0.5 and 18.5% for a K 0 of 1.0 for consolidation stresses greater than 1 atm. The database suggests K σ curves become more strongly dependent on σ' vc as the fines content increases, which is similar to the findings of Stamatopolous (2010) . It is important to note, however, that the majority of the specimens in this database with silty fines are from undisturbed samples and thus likely affected by varying degrees of OCR, D R , cementation and aging effects across the range of imposed consolidation stresses. 
Discussion
For clean sands, the residuals between the database and the two design relationships showed: (1) the relationship by Hynes and Olsen (1999) in combination with the parameters recommended by Youd et al. (2001) was conservative by an average residual of 16% to 20%, and (2) the relationship by Idriss and Boulanger (2008) provided a reasonably good fit to the data with an average residual of 0% to 2%.
For sands with varying levels of silt (fines contents between 7% and 35%), the residuals showed: (1) the relationship by Hynes and Olsen (1999) in combination with the parameters recommended by Youd et al. (2001) was conservative by an average residual of 8% to 15%,with the average residual becoming closer to zero with increasing fines content, and (2) the relationship by Idriss and Boulanger (2008) was slightly unconservative with an average residual of -5% to -10%.
For specimens tested at less than 1 atm, the database indicates that the cap on K σ of 1.1 recommended by Idriss and Boulanger (2008) fits well with the clean sand data. A single data point within the silty sand category would suggest that a higher cap on K σ may be warranted, but this specimen was prepared through moist tamping which can apply a significant preconsolidation stress and lead to an over-estimation of K σ as previously discussed. The relationship by Youd et al. (2001) has a cap of 1.0 on K σ as part of its coupling with the Seed et al. (1985) liquefaction triggering correlation which was not derived using K σ . Therefore, any comparisons between the Youd et al. (2001) relationship and K σ values for σ' vc less than 1 atm are not significant as this correlation was not intended to capture these effects.
The more conservative nature of the K  relationship recommended by Youd et al. (2001) , at least for clean sands, may be attributed to the fact it appears to have been guided, at least in part, by its comparison to the original Seed and Harder (1990) database. The original Seed and Harder (1990) database included the data from clayey sands (Figure 2 .2c) and well-compacted sands with varying levels of silt and clay (Figure 2.2d) , which together comprised the majority of their lowest data points (relative to their recommended design curve). The parameters recommended by Youd et al. (2001) produced curves that reasonably fit the Seed and Harder (1990) database.
The current database suggests that sands with nonplastic fines may have K σ curves with a stronger dependence on σ' vc (i.e. lower K σ values) than clean sands, but this result is complicated by the fact that the majority of the silty sand studies involved testing of undisturbed samples. Test programs using undisturbed samples are, as discussed previously, most susceptible to the effects of varying D R , OCR, and cementation across the range of imposed consolidation stresses. The net effect of these factors is difficult to quantify, and thus it is suggested that laboratory testing of silty sands under more controlled conditions may be required to determine the effect that fines content may have on K  relationships.
The fines content in sand can also be expected to affect the overburden correction factor for penetration resistances (C N ), which is equally important for the assessment of cyclic strengths at high overburden stresses. Boulanger and Idriss (2004) showed that increasing the compressibability of sand can be expected produce K σ curves with a stronger dependence on σ' vc (i.e. lower K σ values at σ' vc > 1 atm) and C N curves with a weaker dependence on σ' vc (i.e. higher C N values at σ' vc > 1 atm), which together have compensating effects on the final estimate of cyclic strength. The field-based C N relationship derived for the silty and clayey sands in the foundation of Perris Dam similarly showed C N curves with a lesser dependence on σ' vc (i.e. higher C N values at σ' vc > 1 atm) than is commonly assumed for clean sands (Wehling and Rennie 2008, Idriss and Boulanger 2010) . The combined roles and the potentially compensating nature of the K σ and C N relationships were recently illustrated by application of different design relationships to the data from Duncan Dam (Boulanger and Idriss 2012) .
As discussed in previous sections, the use of K σ and C N relationships to extend the liquefaction triggering correlation to larger depths and overburden pressures is based on limited data that includes the effects of changes in soil properties associated with increasing ', such as D R , OCR, cementation and other properties. In view of the above observations and the uncertainties in the K  database, it is suggested that the relationships by Idriss and Boulanger (2008) Idriss and Boulanger (2008) relationships may give the best estimates for K σ . However, the existing C N relationships were derived primarily for clean sands and are likely conservative for silty sands, based on recent work at Perris Dam and other projects. Thus, it may be that a K σ relationship that is slightly unconservative for silty sands may be compensated for by using a C N relationship that is conservative for silty sands. Therefore, the use of the current Idriss and Boulanger (2008) K σ and C N relationships may be adequate for both clean and silty sands due to these compensating effects. It is recommended that if K σ values for silty sands are selected on the basis of intermediate values from the two relationships, as is indicated by currently available data, then extra attention should be given to evaluating whether the selected C N curve is appropriate for the soil of interest with the idea of avoiding excessive conservatism.
There are cases in practice where the cyclic strength of cohesionless soils beneath large embankment dams (e.g., point A in the alluvial foundation stratum shown in Figure 3 .12) needs to be estimated based solely on data obtained from the same stratum but at the toe of the dam (point B in Figure 3 .12). This situation is complicated by the fact that construction of the dam can be expected to change the D R , OCR, cementation, and aging-induced fabric of the soils beneath the dam. If the stratum is believed to be geologically the same across the dam footprint, it is sometimes assumed that the (N 1 ) 60 values in the stratum beneath the dam would be the same as at the toe. This assumption may be in significant error if the changes in D R , OCR, cementation, and aging-induced fabric are significant. An alternative approach used at Duncan Dam (Pillai and Byrne 1994) was to obtain frozen samples from the toe area and then test the samples under confining stresses representative of those under the dam. In this approach, the test specimens experience changes in D R , OCR, cementation and fabric that are comparable to those expected to have occurred beneath the dam in the field, and thus the laboratory measured strengths were expected to be representative of the in situ values. In this regard, it should be noted that the K  relationships discussed in this report: (1) are only intended to account for the effect of confining stress on cyclic strength with all other properties held constant and (2) do not account for how increasing confining stresses from point B to point A in Figure 3 .12 may also alter the in situ soil properties.
SUMMARY AND CONCLUSIONS
The cyclic strength of sandy soils depends on both the relative density (D R ) and effective consolidation stress (σ' vc ), which together reflect the state of the soil. The density and strength of the soil in situ is often estimated using correlations to SPT and CPT penetration resistances to avoid the effects of sample disturbance. Changes in the in situ consolidation stress will affect both the penetration resistance measured in situ and the cyclic strength of the soil. The potential for liquefaction is often evaluated by normalizing the penetration resistance to a reference vertical effective consolidation stress (commonly 1 atm) for a soil at the same D R using an overburden correction factor for penetration resistance (C N ). The resulting normalized penetration resistance (e.g., an (N 1 ) 60cs value) is then correlated to the cyclic strength at the same reference stress level (e.g., a CRR M=7.5,σ' vc =1,α=0 value) based on analyses of liquefaction case histories which generally correspond to consolidation stresses less than 1.5 atm. The CRR M=7.5,σ' vc =1,α=0 value obtained from such a correlation is subsequently extrapolated to the in situ stress conditions for the same soil at the same D R using an overburden stress correction factor for liquefaction resistance (K  ).
The K  factor is intended to account only for the effects of consolidation stress on the cyclic strength of a cohesionless soil with all other properties held constant (Seed 1983) , such that the interpretation of K  from laboratory test data can be inadvertently affected by the changes in other specimen properties which may occur as the confining stress is increased. The increase in specimen D R that may occur as the consolidation stress is increased can contribute to K  curves with a lesser dependence on σ' vc (unconservatively higher K  values) if this effect is not accounted for. The variation in specimen overconsolidation ratio that may occur when compacted or undisturbed field samples (i.e., with their associated preconsolidation stress) are tested at different laboratory stresses can contribute to K  curves with a stronger dependence on σ' vc (conservatively lower K  values) if this effect is not accounted for. The progressive destruction of cementation or aging-induced fabric that may occur when undisturbed field samples are tested at increasing levels of consolidation stress can contribute to K  curves with a stronger dependence on σ' vc if not properly accounted for. Examples of these effects were presented to illustrate the potential magnitude of the resulting errors in the interpreted K  values. Many of these effects occur in a sandy soil deposit after being loaded by higher overburden, such as when a large dam is constructed. However, it is presumed that penetration tests through the dam will reflect such changes in the deposit (e.g. higher D R , lower OCR values, or disruption of cementation and particle fabric). Thus, it is important to separate these effects from the interpretation of K  values.
An updated K  database was presented which includes details on the major factors affecting cyclic strengths and the interpretation of K  values. Data points from the categories of clayey sands (fines contents of 23% to 28% and plasticity indices of 20 to 25) and well-compacted sands with varying levels of silt and clay (fines contents of 7% to 35%) were eliminated from further consideration in the evaluation of K  relationships based on the presence of significant amounts of plastic fines and the adverse effects of significant compaction-induced preconsolidation stresses (and hence varying OCR values across the range of imposed consolidation stresses). The presence of these same data points in the Seed and Harder (1990) database appear to have contributed to the development and recommendation of K  curves with an overly strong dependence on σ' vc in past studies. It is important to remember that these effects may still be present in the current database (e.g. moist tamped and undisturbed samples) and are impossible to fully separate out.
Two current K σ relationships that account for the dependence of K  on D R were evaluated against the updated database. The relationship by Hynes and Olsen (1999) in combination with the parameters recommended by Youd et al. (2001) was found to be conservative by an average residual of 16% to 20% with respect to the data for clean sands, and to be less conservative (average residual of 8% to 15%) for sands with fines contents between 7% and 35%. The relationship by Idriss and Boulanger (2008) was found to provide a reasonably good fit to the data for clean sands (average residual of 0% to 2%), and to be slightly unconservative (average residual of -5% to -10%) for sands with fines contents between 7% and 35%.
In view of the above observations and the uncertainties in the K  database, it is suggested that the relationships by Idriss and Boulanger (2008) Idriss and Boulanger (2008) relationships may give the best estimates for K σ . However, the existing C N relationships were derived primarily for clean sands and are likely conservative for silty sands, based on recent work at Perris Dam and other projects. Thus, it may be that a K σ relationship that is slightly unconservative for silty sands may be compensated for by using a C N relationship that is conservative for silty sands. Therefore, the use of the current Idriss and Boulanger (2008) K σ relationship may be adequate for both clean and silty sands due to these compensating effects. It is recommended that if K σ values for silty sands are selected on the basis of intermediate values from the two relationships, as is indicated by currently available data, then extra attention should be given to evaluating whether the selected C N curve is appropriate for the soil of interest with the idea of avoiding excessive conservatism.
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